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論文内容要約 
Chapter 1 Introduction 
Recently, there has been a significant increase in the global number of patients with poor bone quality and of individuals who need 
surgical implants for their daily activities. To improve quality of life for these patients, many different types of biomaterials and devices 
have been clinically applied. Among biomaterials, calcium phosphate (CaP), a bioceramic, has been used in a wide range of applications, 
such as bone filling, bone graft, and coatings, because CaP is the main inorganic component of bone and has excellent bone compatibility. 
Hydroxyapatite (HA, Ca10(PO4)6(OH)2) has osteoconductive properties, and -tricalcium phosphate (-TCP, Ca3(PO4)2) has 
demonstrated bioresorbability. To control the bioresorbability of CaPs, a -TCP/HA composite has been used; a higher -TCP/HA ratio 
indicates higher bioresorbability. Properties of CaPs, such as bioactivity, biocompatibility, and bioresorbability, can be controlled by 
substitution of different ions into the CaP structure. Implant-related infection has been identified as a complication and a potential risk 
for failure of surgery. To overcome this problem, Ag, which is a metallic antibacterial agent, and Ag-containing CaPs have been studied. 
Since Ag released from CaPs affects bacteria, controlling the rate of Ag release should be considered. However, the relationship between 
Ag release and its antibacterial activity has not been studied with respect to the phase of CaP and chemical state of Ag. In this study, Ag-
containing CaPs were synthesized by a 
precipitation method and these as-
precipitated powders were sintered. In 
addition, solid-state sintering was 
conducted for commercial powders. The 
objective of this thesis was to investigate 
Ag solubility in HA and β-TCP, to clarify 
the in vitro dissolution behavior of Ag-
containing CaPs in simulated body fluids, 
and to evaluate the antibacterial activity 
and cytotoxicity of Ag-containing CaPs. 
Table 1 Abbreviations and charged and measured atomic ratios of as-precipitated 
powders. 
Abbreviations 
Charged 
(Ca + Ag)/P 
atomic ratio
Charged 
Ag/(Ca+Ag) 
atomic ratio
Measured 
(Ca + Ag)/P 
atomic ratio 
Measured 
Ag/(Ca + Ag) 
atomic ratio
0AgCaP1.33 1.33 0 1.54 0 
2AgCaP1.33 1.33 0.02 1.50 0.0043 
5AgCaP1.33 1.33 0.05 1.55 0.0103 
10AgCaP1.33 1.33 0.10 1.46 0.0214 
30AgCaP1.33 1.33 0.30 1.13 0.0337 
0AgCaP1.50 1.50 0 1.71 0 
2AgCaP1.50 1.50 0.02 1.72 0.0019 
5AgCaP1.50 1.50 0.05 1.67 0.0092 
10AgCaP1.50 1.50 0.10 1.66 0.0234 
30AgCaP1.50 1.50 0.30 1.21 0.0536 
0AgCaP1.67 1.67 0 1.70 0 
2AgCaP1.67 1.67 0.02 1.77 0.0016 
5AgCaP1.67 1.67 0.05 1.67 0.0061 
10AgCaP1.67 1.67 0.10 1.71 0.0160 
30AgCaP1.67 1.67 0.30 1.36 0.0415 
 
Chapter 2 Synthesis and characterization of Ag-containing CaPs 
Ag-containing CaP powders were synthesized by a precipitation method using aqueous solutions of calcium nitrate, silver nitrate, 
and ammonium phosphate. The charged (Ca + Ag)/P and Ag/(Ca + Ag) atomic ratios in solution ranged from 1.33 to 1.67 and 0 to 0.30, 
respectively. The abbreviations and charged and measured (Ca + Ag)/P and Ag/(Ca + Ag) atomic ratios of the different Ag-containing 
CaP powders are shown in Table 1. As-precipitated CaP powders consisted of mainly HA phase for various (Ca + Ag)/P and Ag/(Ca + 
Ag) atomic ratios. Measured (Ca + Ag)/P atomic ratios of the 0–10AgCaP1.67 and 0–10AgCaP1.50 series were approximately 1.67. 
For 0–10AgCaP1.33 series, the measured (Ca + Ag)/P atomic ratio was approximately 1.50. In the case of the 30AgCaP group, the 
measured (Ca + Ag)/P atomic ratio was significantly lower than 1.50 because of Ag3PO4 and NH4H2PO4 secondary phases. The Ag 
content in the as-precipitated CaP powders increased with increasing charged Ag/(Ca + Ag) atomic ratios in solution. Ag nanoparticles 
attached to rod-like HA were detected for various Ca/P atomic ratios. No significant relationship was observed between the size of the 
Ag nanoparticles and Ca/P atomic ratios.  
The as-precipitated CaP powders were sintered at 1173 to 1473 K, and the phases of the sintered compacts with varying Ag addition 
and sintering temperatures for various charged (Ca + Ag)/P atomic ratios are summarized in Fig. 1 with respect to the peak intensity of 
phases on X-ray diffraction (XRD) patterns. After sintering of the as-precipitated powders, HA and β-TCP were the main phases with 
metallic Ag, CaO, tetracalcium phosphate (TTCP, Ca4(PO4)2O), -TCP, and β- and -calcium pyrophosphate (CPP, Ca2P2O7) 
secondary phases. β-TCP was detected after sintering at 1473 K, which is higher than the transformation temperature (approximately 
1413 K) for conversion from β-TCP to -TCP. This indicated that the addition of Ag stabilized the β-TCP phase. By transition electron 
microscopy equipped with energy-dispersive X-ray spectroscopy (TEM/EDS) and electron probe micro-analyzer (EPMA), no Ag was 
detected in the -CPP phase. Metallic Ag particles were observed with HA and homogeneously distributed Ag was detected in the -
TCP phase. Ag-containing HA without any Ag-related secondary phase was detected in 2AgCaP1.50, which had a measured Ag/(Ca + 
Ag) atomic ratio of 0.0019. On increasing the Ag content to a measured Ag/(Ca + Ag) atomic ratio of 0.0061, metallic Ag was found to 
coexist with HA. From these results, the solubility of Ag in HA was experimentally determined as measured Ag/(Ca + Ag) atomic ratios 
 
 
Fig. 1 Phase maps of (a) CaP1.33, (b) CaP1.50, and (c) CaP1.67 with and without Ag addition before and after sintering. 
ranging from 0.0019 to 0.0061. The solubility of Ag in β-CPP was lower than the detection limit of TEM/EDS and EPMA. The solid-
state sintering method was used to determine the solubility of Ag in β-TCP. The average measured Ag/(Ca + Ag) atomic ratio of metallic 
Ag coexisted-TCP was 0.12, which was the solubility of Ag in -TCP obtained from this study. This value was higher than the 
solubility calculated from the number of Ca(4) sites and vacancies (Ag/(Ca + Ag) atomic ratio of 0.0909). Thus, it was hypothesized 
that, Ag substituted not only in the Ca(4) sites and vacancies but also into some of the Ca(5) sites in -TCP.  
Chapter 3 In vitro dissolution of Ag-containing CaPs 
The in vitro dissolution behavior of Ag-containing CaP specimens was evaluated in Tris buffer solution (Tris-HCl). For the in vitro 
dissolution of Ag-containing as-precipitated CaP powders, the amount of Ca and P-related ions in Tris-HCl increased rapidly and 
reached stability after 3 h of immersion. Changes in the shape of CaP powders were detected after the immersion test, caused by the re-
precipitation of HA. The amount of Ag ions in Tris-HCl increased with the dissolution of Ag nanoparticles and then decreased because 
of AgCl precipitation.  
The CaP1.67 series sintered compacts had fewer Ca and P-related ions in Tris-HCl compared to the CaP1.33 and CaP1.50 series 
because of its single HA matrix phase. Significant re-precipitation of HA was detected on the surface of 2AgCaP1.33 sintered compacts 
because of the high amount of Ca and P-related ions in Tris-HCl. The amount of Ag ions in Tris-HCl was increased with the dissolution 
of CaP1.33 (Ag-incorporated β-TCP main phase) series sintered compacts when compared to the dissolution of the 10AgCaP1.67 (HA 
phase with metallic Ag) sintered compact. Changes in total amounts of Ca and P-related and Ag ions are shown in Fig. 2. 5AgCaP1.33 
and 10AgCaP1.33, which had higher β-TCP fractions than 2AgCaP1.33, demonstrated lower amounts of Ca and P-related ions in Tris-
HCl than 2AgCaP1.33. According to the total amount of Ca and P-related ions in Tris-HCl for the CaP1.33 series, increasing amounts 
of incorporated Ag delayed the dissolution of β-TCP and decreased the total amount of Ca, and P-related ions in Tris-HCl.  
Chapter 4 Antibacterial activity and cytotoxicity of Ag-
containing CaPs  
The antibacterial activity and cytotoxicity of Ag-
containing CaP specimens were evaluated by using 
Escherichia coli bacteria and V79 fibroblast cells, respectively. 
Ag-containing as-precipitated CaP powders inhibited all viable 
bacteria with an initial bacterial concentration of 106 CFU·mL-
1. 10AgCaP1.33 showed excellent antibacterial activity against 
initial bacterial concentrations of 106, 107, and 108 CFU·mL-1 
because of the high amount of Ag ions. The antibacterial 
activity of Ag-containing as-precipitated CaP powders was 
effective, and all viable bacteria were killed depending on the 
 
 
Fig. 2 Changes in total amounts of Ca and P-related ions in Tris-
HCl with respect to the β-TCP/HA fraction. 
Ag content and the initial bacterial concentrations. The effect of Ag chemical state on the antibacterial activity was evaluated by agar 
disc diffusion and shake-flask methods for sintered CaPs. Ag-incorporated β-TCP exhibited high antibacterial activity with a significant 
inhibition zone compared to metallic Ag-coexisted β-TCP, despite having the same Ag content. According to in vitro dissolution, the 
amount of Ag ions in Tris-HCl derived from 10AgCaP1.33 was higher than those derived from 2AgCaP1.33 and 5AgCaP1.33 after 1 
day immersion. Antibacterial activity is strongly related to the amount of Ag ions in bacterial solution. 2AgCaP1.33 and 5AgCaP1.33 
exhibited good antibacterial activity; however, 10AgCaP1.33 showed the highest antibacterial activity because of the high amount of 
Ag ions. The in vitro dissolution behavior and antibacterial activity of sintered compacts of CaPs with different phases were considered; 
schematic illustrations are shown in Fig. 3. Ag-incorporated β-TCP and biphasic HA/β-TCP with incorporated and metallic Ag exhibited 
good antibacterial activity with respect to controlled and continuous Ag release by the dissolution of the β-TCP phase. In contrast, 
metallic Ag-coexisted HA did not show strong antibacterial activity because Ag was released from limited metallic Ag particles on the 
surface of HA. The antibacterial activity of Ag-containing CaPs decreased in bacterial solution with high Cl ion concentration because 
of AgCl precipitation. According to results of direct and indirect cytotoxicity tests, Ag-containing CaP sintered compacts showed no 
cytotoxicity towards V79 cells.  
Chapter 5 Conclusions 
The solubility of Ag in β-TCP and HA was experimentally determined as measured Ag/(Ca + Ag) atomic ratios of 0.12 and 
0.0019–0.0061, respectively. The in vitro dissolution results showed that Ag ions in Tris-HCl reached supersaturation with continuous 
dissolution of Ag from Ag-incorporated β-TCP. Metallic Ag-coexisted HA and HA/β-TCP sintered compacts demonstrated low 
amounts of Ag ions in Tris-HCl. Incorporated Ag stabilized and delayed the dissolution of β-TCP. Ag-incorporated β-TCP expressed 
good antibacterial activity without cytotoxicity by controlling the bioresorbability of β-TCP; thus, Ag-containing CaPs are promising 
antibacterial biomaterials for future applications. 
 
 
Fig. 3 Schematics of in vitro dissolution and antibacterial activity of sintered compacts of Ag-containing β-TCP, HA/β-TCP, and 
HA. 
